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Availabel online 25 October 2014The soil bacterium Corynebacterium glutamicum is one of the best-studied production hosts
for industrial biotechnology, and it is primarily used for the large-scale production of
essential amino acids, such as L-lysine. For rational strain development, detailed knowledge
of intracellular protein concentration is crucial to determine metabolic capacities and
limitations. We developed a QconCAT approach for the accurate absolute quantification of
key enzymes of C. glutamicum glycolysis and anaplerosis. Following well-defined batch
cultivations, 10metabolic enzymes were quantified, accounting for approximately 6% of the
total cell dry weight. Copy numbers per cell ranged from 36,700 ± 3500 for phosphofructo-
kinase (PFK) to 507,700 ± 40,300 for enolase (ENO), which is considerably lower than the
corresponding data obtained from Saccharomyces cerevisiae. Moreover, accurate measurement
of the biovolume permitted an estimation of molar concentrations of intracellular enzyme
catalysts ranging from7.6 ± 1.9 μM(PFK) to 105.2 ± 28.6 μM(ENO). Finally,model-assisteddata
evaluation demonstrates that our method provides an important cornerstone toward a more
detailed mechanistic understanding of C. glutamicummetabolism.
Biological Significance
Determination of absolute protein amounts using quantitative concatemers (QconCAT's) has
already been successfully demonstrated for various species including human, animal and yeast.
Interestingly, application of the QconCAT methodology for the determination of cytoplasmic
enzyme concentrations in a prokaryote has not been described so far. This study is concerned
with a novel targeted approach for the absolute quantification of 10 key enzymes from the
central carbon metabolism of the industrially important organism Corynebacterium glutamicum.
We demonstrate a method that enables complete cell lysis of this robust soil bacterium, thus
allowing for accurate quantification of cytoplasmic enzymes. By linking measured enzyme
amounts with respective biovolume data, intracellular enzyme concentrations were estimated,
which are of special importance for any systems biology approach studying C. glutamicum's
metabolism at the mechanistic level. To our knowledge this is the first report of applying the
QconCATmethodology for determining intracellular enzyme concentrations in a prokaryote.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).Keywords:
Selected reaction monitoring
Mass spectrometry
Protein quantification
QconCAT
Corynebacterium glutamicum4; fax: +49 2461 61 3870.
Noack).
by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
nd/3.0/).
Abbreviations
ANA Anaplerotic reactions
AQUA Absolute quantification
CDW Cell dry weight
CE Crude extract
DTT Dithiothreitol
EMP Embden–Meyerhof–Parnas-Pathway
MWCO Molecular weight cutoff
PSAQ Protein standards for absolute quantification
PTM Post translational modification
QconCAT Quantitative concatemers
Enzyme identifiers
AceE Pyruvate dehydrogenase decarboxylating subunit
FBA Fructose bisphosphate aldolase
ENO Enolase
PCx Pyruvate carboxylase
PDH Pyruvate dehydrogenase
PEPCk Phosphoenolpyruvate carboxykinase
PEPCx Phosphoenolpyruvate carboxylase
PFK Phosphofructokinase
PGK Phosphoglycerate kinase
PGM Phosphoglycerate mutase
PK Pyruvate kinase
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Corynebacterium glutamicum is a gram-positive soil bacterium
that is closely related to several pathogenic Mycobacterium
species. This bacterium has long been used for the fermentative
production of amino acids. Currently, more than 2.2 million tons
of L-glutamate and 1.5 million tons of L-lysine are producedwith
optimized production strains based on the original wild type C.
glutamicum thatwas discoveredmore than 50 years ago [1,2]. Due
to its importance for industrial biotechnology, C. glutamicum has
been comprehensively studied, and its genome sequence is
available alongwith its transcriptome,metabolome and fluxome
data [3,4]. The first proteomic analysis of C. glutamicum was
conducted by creating a referencemap based on two dimension-
al gel electrophoresis [5]. In recent years, gel-free approaches
have been used to study the impact of factors such as external
stress caused by pH shift and osmotic pressure on the C.
glutamicum proteome [6,7]. Furthermore, the effects of different
carbon sources [8,9] and protein turnover have been investigated
[10].
These investigations have established a broad knowledge
base rendering C. glutamicum a model organism for systems
biology. The first genome-wide metabolic networks are
currently available, thus enabling the elucidation of the
metabolic capacities and limitations of this organism for
specific applications [11,12]. The next phase of C. glutamicum
analysis entails gaining a deeper system-level understanding,
which requires the integration of metabolic networks with
genome regulation networks [13] and the interconnecting
proteome. This, however, requires absolute quantitativeprotein data that are crucial for the construction and
validation of such “vertical” networks [14]. Previously, these
data were not available for C. glutamicum.
In recent years, several methods for the absolute quanti-
fication of proteins by mass spectrometry have been present-
ed. The use of synthetic, isotope-labeled peptides or absolute
quantification (AQUA) peptides allows the rapid quantifica-
tion of proteotypic peptides in complex biological samples
[15]. Complete proteolysis is mandatory for accurate results
because these peptide standards are usually added after
tryptic digestion. Moreover, the synthesis of AQUA peptides
is still relatively expensive.
Alternatively, quantification standards can be produced by
the individual purification and calibration of all targeted
proteins in an isotope-labeled form. This method, called PSAQ,
promises highly accurate results, even under sub-optimal
digestion conditions because proteotypic peptides will be
released from their native sequence background [16]. Unfortu-
nately, PSAQ becomes extremely laborious for multiplexed
studies that involve numerous proteins.
The QconCAT approach, first introduced for the quantifi-
cation of proteins in chicken skeletal muscle, offers a
reasonable compromise between both of the methods de-
scribed above [17]. In the QconCAT approach, short DNA
sequences, coding for a set of proteotypic peptides, are
concatenated into one QconCAT gene that is subsequently
expressed and purified in a heavy-labeled form. This ap-
proach has been successfully applied for the absolute quan-
tification of proteins from numerous species such as human,
yeast, chicken, cattle and the human parasite Schistosoma
mansoni [18–22]. Recently, Al-Majdoub et al. applied the
QconCAT technology for the quantification of ribosomal
proteins in the prokaryote Escherichia coli [23]. For multiplex
studies, the QconCAT approach is cheaper compared to AQUA
peptides and less laborious than a PSAQ strategy. However, it
requires a fully purified QconCAT protein, and complete
tryptic digestion is crucial if the standard is externally
calibrated.
In this study, we present the first application of QconCAT
for the absolute quantification of cytoplasmic enzymes in
a prokaryote. We demonstrate a reliable method for the
complete cell lysis and cytoplasmic protein extraction from a
robust soil bacterium for the accurate quantification of 10
metabolic key enzymes.2. Materials and Methods
2.1. Strains, media and cultivation conditions
Wild type C. glutamicum ATCC130332 [24] was cultivated in 1 l
CGXII defined medium [25] with 10 g l−1 glucose as the sole
carbon and energy source. Cells were grown tomid-exponential
phase in lab-scale bioreactors (DASGIP AG, Germany) at 30 °C,
pH 7.0 (adjusted by the addition of 4 M sodium hydroxide) and
30% dissolved oxygen (1 vvm, 400–1200 rpm). Growth was
monitored by optical density, and glucose concentration was
determined offline by enzymatic conversion to 6-P-gluconate
and photometric measurement of the produced NADH. Cells
were harvested by centrifugation and they were immediately
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(CDW) was determined gravimetrically, and cell number and
biovolume were determined by Coulter counter measurements
(Multisizer™ 3, Beckman Coulter GmbH, Germany).
2.2. Cell lysis and sample preparation
Pellets were washed once in 600 μl buffer L (50 mM KPO4,
pH 8.0, 2 mM EDTA, 2 mM DTT supplemented with one Roche
complete protease inhibitor tablet per 50 ml buffer) and
resuspended in 600 μl buffer L plus 0.2% v v−1 Triton-X100
(Sigma, Germany). For cell lysis, 500 μl glass beads (0.1 mm
diameter) and 2 glass balls (5 mm diameter) were added, and
cells were disrupted by bead beating at 4 °C for 60 min in a
bead mill (Retsch GmbH, Germany). Total protein concentra-
tion was determined using the Bradford assay [26]. Except for
the DTT addition, sample proteins were no further reduced or
alkylated.
2.3. QconCAT expression and purification
Q-peptide sequences were translated into nucleotide se-
quences that were concatenated and optimized for E. coli
codon preferences and mRNA stability [27]. QconCAT genes
were synthesized and ligated into the L-arabinose-inducible
plasmid pBAD (Life Technologies, CA, USA). The resulting
pBAD::EAQCC plasmid was transformed into E. coli BL21 DE3
[28], and the QconCAT protein was expressed in LR defined
medium [29] with 15NH4 as the sole nitrogen source (1 l, 37 °C,
pH 7.0, 30% dissolved oxygen at 60 standard l min−1 and 400–
1200 rpm). QconCAT expression was induced with 10 g l−1
L-arabinose at OD 1.0, and cells were harvested after 3 h by
centrifugation.
For the purification of QconCAT, cells were resuspended in
20 ml HB buffer (50 mM potassium phosphate, adjusted to
pH 8, 100 mMNaCl, 50 mM imidazole) and lysed by sonication
after the addition of 3 U ml−1 Benzonase and 1 mg ml−1
lysozyme. Urea was added to the crude extract to a final
concentration of 8 M, and cell debris was removed by
ultracentrifugation (1 h, 4 °C, 20,000 rpm JA20 rotor, Hereaus,
Germany). QconCAT was bound to a His-Trap column
(HisTrap HP, GE Healthcare, USA), washed with 7 column
volumes HB buffer containing 50 mM imidazole and eluted in
HB buffer containing 100–300 mM imidazole. His elution
fractions were pooled, diluted 1:2 with buffer L and loaded
onto a Strep-Trap column (Strep Trap HP, GE Healthcare, USA).
Remaining contaminants were washed out with 5 column
volumes of buffer L, and the QconCAT was eluted in buffer L
with 2.5 mM desthiobiotin. The purified QconCAT solution
was 0.22 μm filtered and stored at 4 °C.
2.4. Mass spectrometry analysis
For proteolysis, up to 100 μg total protein (C. glutamicum crude
extract and 15N QconCAT or 15N total protein standard) was
digested with 1 μg trypsin (Trypsin singles, Sigma, Germany)
according to the manufacturer's instructions. Peptide mix-
tures from tryptic digests were diluted with 1 volume
ultrapure water and filtered through a spin filter with a
10 kDa MWCO prior to LC–MS/MS measurement. Q-peptideswere measured by SRM (3 peptides per protein with 3
transitions each, as indicated in Supplementary Table S1) on
a 4000 QTRAP LC–MS/MS instrument as previously described
[9].
2.5. Data handling and protein quantification
Absolute protein concentrations were determined from 14/15N
area ratios in LC–MS/MS measurements and QconCAT con-
centrations. Isotopic impurities in the heavy QconCAT and
light sample peptides were corrected following the approach
of Eibl et al. [30], focusing on the influence of light and heavy
nitrogen atoms, respectively (see Supplementary Table S2 for
more information). To obtain biomass specific protein data
(including protein copy numbers and intracellular concentra-
tions), the native peptide concentrations in cell extracts were
divided by the cell dry weight, cell number and biovolume at
the sampling point, respectively. Measurement errors from
replicate measurements were determined according to the
Gaussian law of error propagation. For a complete overview of
the QconCAT workflow for absolute protein quantification,
refer to Supplementary Table S3 and Fig. S1.3. Results
To enable the accurate and meaningful absolute protein
quantification for C. glutamicum, several requirements need-
ed to be fulfilled that determined the experimental outline of
this study (Fig. 1). First, samples should originate from well-
defined and tightly controlled cultivation conditions (e.g.,
lab-scale bioreactor experiments) to reduce the variability
between replicate experiments. Second, suitable Q-peptides
should be selected for construction of the QconCAT, which is
then expressed and purified in a heavy-labeled form. These
Q-peptides should be unique for their corresponding protein,
exhibit good ionization efficiency during electrospray ioni-
zation and produce at least two or three dominant fragment
ions in SRM mode. A full list of mass transitions used here
is provided in Supplementary Table S1. Third, the sample
processing workflow should be comprehensively character-
ized, including optimization of cell lysis and tryptic digest, to
allow for valid estimations of intracellular protein concen-
trations from measured peak area ratios.3.1. Preparation of C. glutamicum proteomics samples
Wild type C. glutamicum ATCC13032 was cultivated in 1 l
defined medium with glucose as the sole carbon source in a
fully controlled pH, temperature and oxygen supply environ-
ment (Fig. 2). Cultivation was performed in four parallel
biological replicates, and the corresponding samples were
independently processed throughout all downstream protein
quantification steps. Samples for protein quantification were
obtained in mid-exponential growth phase at OD ~9 when
substrate uptake was maximal. Additionally, for estimation of
specific intracellular protein concentrations, CDW (2.84 ±
0.13 gCDW l−1), cell number (1.56 * 109 ± 1.10 * 108 cells ml−1)
and biovolume (2.2 ± 1.1 μl gCDW−1 ) were determined.
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Fig. 1 – Experimental outline of this study. A method for the absolute quantification of glycolytic and anaplerotic key enzymes
in C. glutamicum was developed based on the QconCAT approach. Q-peptides were selected from available SRM experiments,
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established bead beating protocol was optimized. As a first
step, the duration of bead beating at 4 °C was increased
(Fig. 3A). Increased protein yield and CFU reduction stopped
after 1 h of beadmill treatment. No specific degradation of
targeted peptides was detected between short and prolonged
bead beating by relative peptide quantification (Supplemen-
tary Fig. S2). In a second step, we investigated the effect of
lysozyme, Tween20 and Triton X-100 addition on cell lysis
efficiency (Fig. 3B). Lysozyme (p = 0.027) and Tween20 (p =
0.001) had a small but significant effect on protein yield and
the number of living cells. Triton X-100, however, significantly
increased protein yield and decreased CFU numbers com-
pared to 1 h cell lysis without any additives. In conclusion,
60 min bead beating with 0.2% (v v−1) Triton X-100 ensured
complete cell lysis (>99.9% killed cells).3.2. Design, synthesis, expression and purification of QconCAT
A QconCAT gene was designed for the quantification of 10
key enzymes from C. glutamicum glycolysis and anaplerosis.
Q-peptide selection was based on previously established SRM
experiments (QconCAT sequence is provided in the Supple-
mentary Material). For isotope labeling, seven defined media
were tested for expression of QconCAT in E. coli strains BL21 and
TOP10 (Supplementary Fig. S3). LRmedium in combinationwith
strain BL21 exhibited the best performance with respect to fast
growth, high biomass yield and robust protein production.
QconCAT was expressed in 1 l lab-scale E. coli (Supplementary
Fig. S4) and completely purified by two-step affinity chroma-
tography (Fig. 4). The concentration of the purified QconCAT
solution was measured by a Bradford assay modified for low
protein concentrations (Supplementary Fig. S5). Overall, the
020
40
60
80
100
0
1
2
3
4
5
6
time [h]
0 6 12 18 24 30
0
2
4
6
8
10
12
14
16
18
20
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
pH
[-]
of
fg
as
C
O
2
[%
]
sampling
[-]
O
D
60
0
di
ss
ol
ve
d 
ox
yg
en
 [%
]
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Fig. 4 – SDS-PAGE analysis of two-step affinity purification of
15N-labeled QconCAT expressed in defined and
isotope-labeled LR medium. Cells were disrupted by
enzymatic treatment and sonication. Inclusion bodies were
dissolved with 8 M urea. Heterologous QconCAT protein
was partly purified by denaturating His-trap affinity
chromatography (top panel) and finally purified using
Strep-trap (bottom panel). M: molecular weight marker (sizes
of marker proteins are given in kDa); U: ultra-centrifuged
lysate; F: flow-through fractions; W: wash fractions; E:
elution fractions (numbers indicate mM imidazole
concentration in the top panel and fraction number in the
bottom panel). Black arrows indicate the position of purified
QconCAT.
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QconCAT per liter of culture volume.
3.3. Completeness of tryptic digest
Q-peptides from light sample proteins and heavy-labeled
QconCAT are released by the proteolytic activity of trypsin.
The completeness of proteolytic cleavage can be determined
because Q-peptide release can differ significantly between a
native protein and the QconCAT sequence background. Thus,
we measured the light-to-heavy area ratios during the
progress of tryptic digest after stopping the reaction at
different time points by 10 kDa MWCO spin filtration (Fig. 5).
For most targeted peptides in this study, 14/15N area ratios
became stable after 5–10 h of tryptic digest, and only some
required longer digestion times. Six peptides were released
more slowly from the QconCAT than from the sample protein
resulting in wave-like curves for 14/15N area ratios. All other
peptides were digested faster in the QconCAT resulting
in hyperbolic curves. Two QconCAT peptides for fructose
bisphosphate aldolase (FBA) quantification were released
extremely slowly and could not be used for absolute protein
quantification. After 24 h, all peptides, except for the two
non-releasing peptides, exhibited stable 14/15N area ratios.
In order to check whether specific residues around
the cleavage site of the QconCAT peptides inhibit proteol-
ysis by trypsin we applied the prediction tool Mc:pred,
published by Lawless and Hubbard [31]. The two non-
releasing peptides of FBA were directly adjacent in the
QconCAT, and the resulting amino acid sequence […]
QIK.AGANLYTSPEDFEK.IEEALTYGVIK.TID[…] was also pre-
dicted to contain missed proteolytic cleavages (each with a
score of 0.68, Supplementary Table S4). However, one corre-
sponding native peptide sequence ([…]SEK.IEEALTYGVIK.MNV
[…]) was predicted to be non-cleavable by trypsin (score of 1),
but the resulting peptide IEEALTYGVIK was detectable in all
samples though. Interestingly, such false predictions were also
found for other Q-peptides in their native sequence background
(e.g. […]GPK.GVISYSAR.IMD[…] of pyruvate kinase) where
tryptic digestions proceeded without any observable delay
(Fig. 5).
3.4. Absolute intracellular quantification of metabolic enzymes
To determine the linear range of quantification, the QconCAT-
to-sample protein ratio was varied. 14/15N area ratios were
linear in double log plots over 3 orders of magnitude with
respect to QconCAT concentration (Supplementary Fig. S6).
Finally, intracellular quantification was performed for 10 key
enzymes with 3 peptides per protein (Fig. 6, see Supplemen-
tary Table S3 and Fig. S1 for more details). The results were
generally consistent for all Q-peptides from the same protein.
For a few proteins, e.g., pyruvate kinase (PK), deviations were
observed between their respective Q-peptides, but the mea-
sured concentrations ranged within one order of magnitude.
All measured values were in a relatively narrow range of
4 × 104 to 5 × 105 copies per cell. In total, these 10 enzymes
account for approximately 6% of the total cell dry weight.
In vitro enzyme activities (vmax,Lit) and turnover rates (kcat)
for enzymes from C. glutamicum or the closely related genera(Mycobacterium and Bacillus) are available for FBA, PK and
phosphoenolpyruvate carboxykinase (PEPCk). By combining
these turnover rates with our intracellular protein concentra-
tion data, maximum catalytic capacities (vmax,QCC) of the
corresponding metabolic reactions in C. glutamicum were
estimated (Fig. 7, Supplementary Table S5). Here, we assume
that the measured protein amounts directly relate to the
amounts of active enzyme (Eact).
In addition, the possible range of actual metabolic fluxes
(vFVA) was estimated by flux variability analysis (FVA) using a
genome scale model of C. glutamicum [32]. Briefly, FVA is
applied to simulate theminimum andmaximum flux for each
reaction in the network while maintaining the maximal
possible growth rate under the predefined network con-
straints. For more details regarding the FVA method, the
reader is referred to [33]. As a constraint, the glucose uptake
rate was fixed within the 90% confidence interval of
the measured rate from replicate batch cultivation experi-
ments ( uptGLC ¼ 4:09 0:51 mmol gCDW−1h−1 , Fig. 2), and
biomass growth was applied as the optimization criteria.
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Fig. 5 – Validation of tryptic digestion of target proteins. A: Time course of 14N to 15N area ratios during tryptic digest. Sixty five
milligrams of crude extract wasmixedwith 0.4 μg QconCAT and digested at 42 °Cwith 1 μg trypsin. The digest was stopped at
the indicated time points by 10 kDa MWCO spin-filtration. Most peptides were fully released within 5–10 h, but some required
a digestion time of 24 h. Mean values and standard deviations were estimated from 3 technical replicates. B: Control of
digestion by SDS-PAGE before and after the digestion of 65 μg crude extract (CE) or 2 μg QconCAT for 5 h at 42 °C.
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capacity is comparable to published in vitro enzyme activities
and metabolic flux estimates (for numerical values and
published resources see Supplementary Table S5). In the
case of PK, both vmax,LitPK and vFVAPK -values are several orders
of magnitude lower than vmax,QCCPK . Finally, the maximumcatalytic capacity and in vitro enzyme activities of PEPCk are
comparable, but metabolic flux through this reaction under
glycolytic conditions is one order of magnitude lower.
Such mechanistic interpretations of absolute enzyme data
rely on kcat-data which are only available for few enzymes in
C. glutamicum. Nevertheless, absolute protein concentrations
PFK.WLS
PFK.VMI
PFK.AGI
ANA
glucose
PFK
GAPDH
PDH
ENO
PGM
PGK
MDH
FBA
TPI
PCx
PEPCk
PEPCx
CS
ACNMQO
1.61 ± 0.31
3.57 ± 0.48
4.81 ± 2.05
cP [mg g ]CDW
-1Enzyme
PCx
PEPCx
PEPCk
PDH
PK
ENO
PGM
PGK
FBA
PFK
EMP
FBA.AGA
FBA.IEE
FBA.TID
PGK.IAE
PGK.IGV
PGK.NFG
PGM.FVP
PGM.TAN
PGM.YAD
ENO.AAA
ENO.AAN
ENO.YNQ
PK.AVG
PK.GVI
PK.IMD
AceE.LVP
AceE.GFL
AceE.GIY
copy number per cell
PEPCx.ILA
PEPCx.LTS
PEPCx.NYL
PEPCk.MAE
PEPCk.FLW
PEPCk.MGI
PCx.GLY
PCx.SAE
PCx.SFA
copy number per cell
PK
0.62 ± 0.16
2.67 ± 0.27
2.92 ± 0.93
3.92 ± 2.43
10.4 ± 2.84
10.6 ± 9.79
14.4 ± 5.08
Fig. 6 – Results of absolute quantification of 10 key enzymes from C. glutamicum ATCC13032 central metabolism. Cells were
cultivated under biotechnologically relevant conditions in defined medium containing 10 g l−1 glucose. After complete cell
lysis, proteins were digested together with 15N-labeled QconCAT sample protein, and absolute protein amounts were
estimated from the resulting 14N-to-15N area ratios and the sampled biomass or cell number. Mean values and standard
deviations were estimated from 4 biological replicates.
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enzyme activities are available, and under the assumption
that the majority of measured protein molecules are in fact
active enzymes. Resulting estimates for kcat are documented
in Supplementary Table S5.4. Discussion
The accurate absolute quantification of any intracellular
compound, whether it is DNA, RNA, protein or metabolite,
is not routine. Such tasks cannot be achieved by merely
applying a sensitive analytical setup for the compound of
interest. Furthermore, an optimized and well-characterized
sample preparation pipeline as well as careful attention
to biological and technical noise is required [34]. In the
case of absolute intracellular protein concentrations, several
challenges arise from the nature of the analytes themselves.Most proteins have molecular weights that are too large to be
directly analyzed by current mass spectrometers. Furthermore,
chromatographic separation is much more demanding for
intact proteins than for peptides and suitable protein-level
standards are not readily available. As a consequence, proteo-
lytic cleavage of the analytes into manageable peptides has
become the most frequent methodology in proteomics [35].
However, this cleavage introduces new challenges, e.g., in-
creased sample complexity, peptide uniqueness (proteotypic
nature) or mass overlaps of peptides.
Peptides used for absolute quantification should be truly
representative of their parent protein's abundance. The term
‘Q-peptides’ has been proposed for such peptides [36]. Amino
acid sequences of Q-peptides will always be unique among
the proteome of interest, which can be easily tested using
bioinformatics [37]. Furthermore it is desirable that such
peptides do not: i) carry any post-translational modification
(PTM); ii) contain reactive side chains like methionine and
Enzyme kinetic model:
PK PEPCk
PEP
PYR
FBA
FBP
GAP DHAP
PEP
OAA
ADP
ATP
GDP
GTP
PEPCk
Fig. 7 – Evaluation of selected enzyme data in the context of C. glutamicum metabolism. Comparison of maximum catalytic
capacities, in vitro enzyme activities and actual metabolic fluxes. Maximum catalytic capacities (gray boxes) were estimated
from QconCAT quantified intracellular protein concentrations and turnover rates (derived from literature). Flux ranges for
actual metabolic fluxes were estimated by flux variability analysis (see text for detailed explanations). Black dots represent
literature values for in vitro enzyme activities. For a complete list of data sources refer to Supplementary Table S5. Symbols
used: vmax,Lit, in vitro enzyme activity; vmax,QCC, maximum catalytic capacity; vFVA, metabolic flux; kcat, turnover rate; Eact,
amount of active enzyme; S, substrate; I, metabolic inhibitor.
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with a mass indistinguishable by the used MS instrument.
The latter points are hard to rule out, especially when no a
priori knowledge exists regarding features such as PTMs for
the organism under investigation. This is clearly the case for
C. glutamicum where limited data based on 2D gel experiments
are available regarding protein phosphorylation [38].
For this study, we selected our candidate Q-peptides based
on well-established SRM experiments for relative protein
quantification [9]. We included three Q-peptides for every
targeted enzyme to achievemore reliable results by comparison
with redundant analytes. Consequently, glycerol-aldehyde
dehydrogenase and triose phosphate isomerase have been
excluded from this method development because we could
not observe a sufficient number of peptides for these enzymes
in our previous work.
A total of 30 peptides representing 10 target proteins from
C. glutamicum glycolysis and anaplerosis have been combined
into one QconCAT protein. For isotope labeling, we selected a
defined medium strategy based on 15NH4SO4 rather than the
much more expensive labeled amino acids. For this purpose,
we tested 7 defined media for QconCAT expression with two
E. coli strains. LeMasters and Richards LR-medium, initially
published for the production of isotope-labeled amino acids [29],
in combinationwith E. coli strainBL21DE3provided rapid growth,
high biomass yield and efficient expression of QconCATs within
three hours after induction. Using isotope-labeled medium for
preculture and main culture eliminated nearly all non-labeled
carryover (data not shown). Two-step affinity chromatography
resulted in a highly purified QconCAT solution that was ready touse for absolute protein quantification (Fig. 4). Although carefully
conducted, it should benoted that quantification of theQconCAT
solution by a Bradford assay, similar to any other protein
quantification method, can be prone to small systematic errors
that influence all downstream calculations.
As mentioned above, biological noise should be consid-
ered. Thus, we performed the cultivation experiments in four
biological replicates and treated each of these cultivations
(three technical replicates each) separately throughout the
final sample preparation pipeline and LC–MS/MS analysis. In
industrial biotechnology, C. glutamicum is mainly used for
the production of amino acids and other low molecular
weight compounds. For these applications, glucose is the
most important carbon source, and most processes are
conducted either in a batch or fed-batch mode. Consequently,
exponential growth on glucose is the most relevant condition
to evaluate the metabolic capacity of this organism for
biotechnological applications. Thus, we sampled all cultures
in mid-exponential growth phase, where no limitation by
nutrients or oxygen is expected (Fig. 2).
For an accurate intracellular quantification, the actual
biomass present in the bioreactor during sampling and the
complete extraction of all analytes from the cells are critical
factors. Hence, we determined cell number and biovolume by
applying sensitive Coulter counter measurements, and we
carefully considered the completeness of cell lysis for protein
extraction. Determination of the biovolume allows a direct
calculation of intracellular protein concentrations in μMunits.
These data aremuch easier to interpret in a systems biological
context than values expressed as copy number per cell.
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protein amounts are to be referenced back to the sampled
biomass. However, C. glutamicum is much more resistant to
mechanical, osmotic or enzymatic cell lysis procedures than
mammalian cells, for which the QconCAT approach was
originally established. This is mainly caused by the fact
that C. glutamicum is a gram-positive soil bacterium with an
unusually complex mycobacterial-type cell wall. The outer
envelope of C. glutamicum (from the inside to the outside)
consists of a plasma membrane, multiple layers of peptido-
glycan, an arabinogalactan layer and a final layer of mycolic
acids [39]. Short bead beating times at a low temperature is a
well-established procedure for mycobacterial proteome sam-
ple preparation, and it was used as a starting point [40]. When
increasing the duration of bead beating treatment, a clear
saturation effect became evident. This was true for the yield
of total protein extracted from the sampled biomass as well as
the number of viable cells (Fig. 3). Addition of Triton X-100
further improved the efficiency of the lysis procedure. Triton
X-100 is a nonionic detergent that likely destabilizes all cell
wall layers [41]. An interesting further result of this optimiza-
tion process is the fact that all soluble cytoplasmic proteins
together account for approximately 30% of the C. glutamicum
total cell mass under glucose growth conditions. Such an
indicative value has not been previously known for a
prokaryote, but a value of 55% total protein content (soluble
and membrane bound proteins) has been determined for E.
coli [42]. Our 30% threshold can be used as a benchmark for
completeness of cell lysis in future studies without the need
for laborious CFU measurements.
The complete tryptic digest of sample proteins andQconCAT
is essential because absolute protein quantification is based on
14N-to-15N area ratios [43]. We have demonstrated that 5 h
proteolytic reaction produces stable light-to-heavy peak area
ratios for most peptides. Together with the fact that individual
heavy and light peak intensity did not increase any further (data
not shown), we concluded that the proteolytic reaction went to
completeness (Fig. 5). Some peptides require longer digestion
times and their peak area ratios eventually became stable after
24 h. It is also clear that SDS-PAGE alone is not suitable to
investigate the completeness of tryptic digest. After 5 h, no
intact proteins remained visible even though peak area ratios
were clearly not yet stable for all targeted peptides. Two
peptides, both intended for the quantification of FBA, were
released extremely slowly from the QconCAT. Accordingly,
these two peptides were not suitable as Q-peptides, and FBA
had to be quantified solely using the third Q-peptide TID[…]. For
both excluded peptides also missed proteolytic cleavages were
predicted by the Mc:pred tool [31]. In their study, Lawless and
Hubbard could show that in particular acidic residues around
the cleavage site of the peptide of interest inhibit proteolysis
when trypsin is used. However, when taking the false predic-
tions for the Q-peptides in their native sequence background
into account (Fig. 5, Supplementary Table S4), it still remains
open if specific residues aremainly responsible for the observed
limitations during tryptic digest. Even more contradictory,
these predictions do not support the more intuitive argument
that mimicking the native sequence background of Q-peptides
in the QconCAT would minimize such limitations [44]. Fortu-
nately, our results show that this is not necessary for themajority of peptides and, ultimately, it will be important to
establish further mechanistic rules that allow better a priori
prediction of proteolytic cleavage efficiency.
We tested the linear range of our quantification approach
on a 4000 QTRAP mass spectrometer. For this purpose, fixed
amounts of native sample peptides were mixed with increas-
ing amounts of labeled QconCAT peptides. In double log plots,
peak area ratios remained linear over almost 3 orders of
magnitude. The lower limit of the linear range was deter-
mined by the sensitivity of themass spectrometer used in this
study, and it could be further improved with better hardware.
In contrast, the upper limit of the linear range was determined
by the digestion capacity of trypsin. This could easily be
overcome by the dilution of the samples and/or the QconCAT
standard solution. However, additional dilution steps were
not necessary in this study because no targeted peptide was
identified in concentrations exceeding the linear range.
Taken together, the optimization steps described above
allowed us to quantify the absolute concentration of all 10
targeted enzymes in samples from biotechnologically relevant
process conditions. Differences in the concentration of peptides
originating from the same protein were small but detectable for
some proteins, especially for PK (Fig. 6). These deviations could
be due to PTMs or the measurement of intermediate states
following synthesis or degradation events.
The fact that these 10 enzymes comprise approximately 6%
of the total biomasshighlights the remarkable catalytic capacity
of prokaryotic cells for fast substrate consumption and growth.
As expected, the copy numbers per cell are considerably lower
than for Saccharomyces cerevisiae [45]. Interestingly, for directly
comparable proteins (PGK, ENO, PDH), copy numbers are only
6–9 times higher in yeast, whereas the average yeast cell has
a 30-fold higher volume than the average Corynebacterium cell
under non-limiting conditions. This finding could be explained
by differences in the subcellular compartments in eukaryotic
yeasts, and the comparison further emphasizes the importance
of conducting intracellular quantification while considering the
biovolume for the interpretation of absolute protein data. From a
systems biological point of view, the important value is the
concentration of the catalyst enzyme within the cell as a closed
reaction space rather than the total number of catalyst mole-
cules. Furthermore, the authors strongly recommend the intra-
cellular protein concentration as the unit of measurement
because cell morphology, and hence, biovolume, changes
considerably throughout any cultivation [46].
The ultimate goal of proteomics in systems biology is to
integrate acquired absolute protein data with mechanistic
models to gain new knowledge about the effect of enzyme
concentration on processes such as metabolic regulation. In a
first step, we combined the absolute intracellular concentration
of several enzymes with their corresponding turnover rates.
This allows the calculation of the maximum catalytic capacity
through each metabolic reaction (Fig. 7). Subsequently, this
maximum capacity can be compared to enzyme activity data
stemming from classical in vitro assays and actual metabolic
fluxes estimated by application of model-based routines such
as flux variability analysis.
Maximum flux capacity, enzyme activity and metabolic
flux are similar for FBA. Thus, this reaction is apparently
maximized in vivo. This finding is consistent with the fact that
376 J O U R N A L O F P R O T E O M I C S 1 1 3 ( 2 0 1 5 ) 3 6 6 – 3 7 7no metabolic or post-translational regulation is known for FBA
in C. glutamicum [47]. For PK and PEPCK, metabolic flux is much
lower than the reaction's maximum capacity. This reduction is
only partially conserved in the in vitro enzyme activity for PK
and not at all for PEPCk. However, both enzymes are known to
be metabolically inhibited by ATP (Fig. 7), which is abundant
under the glycolytic conditions presented here [48,49]. Conse-
quently, reduced intracellular flux for PEPCk reaction could be
explained by metabolic inhibition of the enzyme by ATP. In
addition, comparably lower in vitro enzyme activity of PK
suggests a cumulative mechanism of post-translational and
metabolic inhibition.
While these mechanisms can explain how intracellular
fluxes are regulated, they do not explain why both enzymes
are significantlymore abundant thanwouldbe required tomeet
stablemetabolic flux demands. In the case of PEPCk, the degree
of over-abundance spans one order of magnitude, and it can be
explained by the immediate need for a gluconeogenic enzyme
in situations of glycolytic substrate depletion [50]. For PK, a
similar scenario could be relevant when switching from a
carbon source such as glucose, which is transported via the
phosphotransferase system (PTS) to a non-PTS carbon source
such as ribose [51]. Nevertheless, because PTS always bridges
the reaction from phosphoenolpyruvate to pyruvate, the high
activity of PK under conditions of excess glucose is most likely
not required.
Apart from our targeted enzymes, there are other examples
for such vast overexpression. For example, van Ooyen et al.
reported that expression of C. glutamicum citrate synthase gene
gltA had to be reduced by more than 90% to cause significant
growth defects and changes in metabolic flux distribution [52].
Another possible explanation could be the need for a certain
metabolic buffer capacity that can minimize metabolic fluctu-
ations and prevent the false triggering of gene regulation
cascades [53].
In summary, we have presented the first application of the
QconCAT approach for an industrially relevant soil bacterium.
Complete cell lysis was the most challenging step in sample
preparation which could be solved by prolonged bead beating
and detergent addition. Using four biological replicates and
accurate measurement of biovolume allowed us to measure
valid intracellular concentrations of 10 metabolic key enzymes
in C. glutamicum. These data are of high relevance for systems
biology because they can readily be used for integration into
mechanistic metabolic networks.Transparency document
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